The Ni-P coatings were deposited on closed-cell aluminum foams substrate by electroless process. Electroless coatings cover the entire surface of the foams (thickness $30 mm) with a high corrosion resistance (corrosion current density 15.5 mA/cm 2 , as compared to the 308.8 mA/cm 2 of as-received aluminum foams).
Introduction
Aluminum foams are considered as class of attractive materials which can be widely utilized in many fields, including energy absorption, noise insulation and vibration reduction. 1) However, wide applications of aluminum foams in such fields are inhibited due to their low compressive and corrosive property. Therefore, several researches have been carried recently on the improvements of the corrosion resistance and compressive energy absorption of the aluminum foams with closed-cell or open-cell structure. 2, 3) In earlier research, thermal spraying technique was applied and found that the thermal spraying coatings are beneficial for the increases of the stiffness and strength of aluminum foams. In addition, the corrosion resistance of the foams was also increase when the suitable technological parameters were applied. 2) Recently, nanocrystalline Ni-W coatings were formed on open-cell aluminum foams substrate with electrodepositing, which increase both the compressive strength and energy absorption. 3) These researches indicated that surface treatment is a promising method to increase the corrosive and mechanical property of aluminum foams. But the surface modifications of closed-cell aluminum foams are somewhat difficult due to the especial characteristics of the foams. Generally, the foams can be fabricated by melt foaming process. The surfaces of aluminum foams contain a number of oxides and the cell walls of the foams are thin and are damageable. 4, 5) Therefore, the foams need to be cautiously pre-treated before coating process in order to clean the foam surfaces and to improve the bonding strength between the coatings and the substrates.
The electroless nickel-based coatings are widely used in different industrial applications to improve the wear resistances, mechanical properties and corrosion resistance of various aluminum alloys. [6] [7] [8] [9] [10] The electroless Ni-P coatings (autocatalytic) can proceed automatically without any external electric current after a thin Ni layer is formed on the substrate. 7, 9) In addition, electroless Ni-P coatings are usually composed of nano-crystalline and/or amorphous structure and are recognized for their inherent properties like high hardness, excellent corrosion resistance and low friction coefficient. Moreover, the coatings are uniform on the complex-shaped components, such as those with holes or internal surfaces. 8, 10) Despite several advantages in these electroless Ni-P coatings on Al foams; yet there has been no report. Hence, in the present study, the surface-dependent corrosion behavior of closed-aluminum foams with electroless Ni-P coatings has been investigated in detail.
Experimental Procedure
The closed-cell aluminum foams applied in this experiment were fabricated from Al-7 mass%Si-0.3 mass%Mg alloy by the melt foaming method. 11) The relative density of the foams using in this experiment is about 0.15. The average pore size of the foams was measured to be approximately 3.86 mm. The as-fabricated foams were cut into samples (with 15 mm Â 10 mm Â 10 mm dimensions) and were ultrasonically cleaned in acetone, and followed by alkaline cleaning and Ni activating process. Afterwards, the bath composition of NiSO 4 .6H 2 O À0:1 mol/L, NaH 2 PO.H 2 O À0:35 mol/L, C 2 H 5 NO 2 À0:09 mol/L, C 3 H 6 O 3 À0:4 mol/L, C 3 H 6 O 2 À0:02 mol/L, Stabilizer-1 ppm, were used for electroless Ni-P deposit on the substrate. In addition, the pH value was maintained at a nearly constant value of 6 by adding dilute ammonia. The coating process was carried out for total time of 2 h at a temperature of 86 C.
Scanning electron microscopy (SEM, EVO @ 18, ZEISS) equipped with energy-dispersive spectroscopy (EDS, INCA, Oxford) was employed to characterize the morphologies, microstructures and elemental distributions of the Ni-P coatings. X-ray diffraction (XRD, D/MAX2500PC, Cu K) was performed to identify the phases of the Ni-P coatings. The electrochemical tests were carried out in a 3.5 mass% NaCl solution (room temperature) in a three-electrode cell using an electrochemical analyzer (Versa STAT-3, METEK); with a platinum plate (Pt) as counter electrode and a saturated calomel electrode (SCE, +242 mV vs. SHE) as a reference electrode. In order to study the pitting behavior, Linear Sweep Voltammetric (LSV) tests were performed on the coated and un-coated foams in a 3.5% NaCl solution. The experiments were performed with the scan rate of 5 mV/s and conducted after stabilization of free corrosion potentials. Figure 1 shows the SEM images of the Ni-P coatings on the foams. A rough surface with some grains is observed. The coatings cover the entire surfaces of the foams. The thicknesses range from 27.1 to 34.2 mm, indicated by the images of cross section ( Fig. 1(d) ). The average thickness of the Ni-P coatings is approximately 30 mm. Inset image in Fig. 1(a) shows the XRD profiles of the top surface of the coating. Single broad-peak diffraction (2 ¼ 44:8 ) corresponding to the (111) plane of FCC phase of nickel was observed. The previous studies showed that the phosphorus content plays an important role in determining the structure of the Ni-P coatings 8-10,12,13) (nanocrystalline and amorphous or a co-existence of these two phases). The Ni-P coatings with amorphous state have a high anticorrosive property. 9, 10) The present case (by EDS analysis) shows high phosphorus ($9{10 mass% P, balance mass% Ni) and it is amorphous structure. 13) Figure 2 shows the energy-dispersive spectroscopy of cross section of electroless Ni-P coatings. Aluminum, silicon, nickel and phosphorus elements were detected. The element distributions indicate that the coatings are composed of nickel and phosphorus. In addition, the Ni-P coatings are uniform and show a good adhesion with the substrate. Figure 3 shows the potentiodynamic polarization curves of the foams with and without coating. Active-passive polarization behaviors were observed for the both coated and uncoated foams (Fig. 3) . As the nickel deposit was cathodic relative to the substrate, thereby it improves the passivation and corrosion resistance of the coated aluminum foam. But, the un-coated foam also shows good passivation behavior and this is due to the oxide layer formed on the as-received foams. From the above electrochemical potentiodynamic polarizations curve, the passivation parameters are given in Table 1 .
Results and Discussion
The positive shift in the ZCP may be attributed to changes in hydrogen reduction processes, 14) due to substantial fraction of atoms lie in the inter-crystalline region of nanocrystalline nickel. There is a significant change in the critical current densities of passivation for coated foams. There was a marginal change in the passive range and also in the passive current density for coated compared to un-coated. This indicates that the mechanism of onset of passivity and passivation itself is similar for both. The critical current densities (i crit ) and passive current densities (i pass ) were determined at potential for primary passivation (E pp ) and potential for complete passivation (E cp ), respectively. There Increased Corrosion Resistance of Closed-Cell Aluminum Foams by Electroless Ni-P Coatings was a significant change in the passive current density for coated-foams than un-coated. Despite the passive film properties being conditioned by the polarization, it is of notice the relation between the passive film characteristics and respective alloy corrosion resistance. When the applied anodic potential was high enough to breakdown the passive film, pitting corrosion occur. Previous study showed that high phosphorus content shows amorphous structure and improved corrosion resistance. 15) The enriched phosphorus surface reacts with electrolyte to form a layer of adsorbed hypophosphite anions. This layer will in turn block the supply of electrolyte to the electrode surface, thereby preventing the hydration of nickel, which is considered to be the first step to form a passive nickel film in the coated foams. On the other hand, the passive film formed on the uncoated foams is due to its oxide layer on it. The corrosion current density and corrosion potential are important parameters to evaluate the corrosion resistances of materials. These values can be derived from the polarization curves by Tafel region extrapolation. 16) The corrosion potential was directed indicated in polarization curves. The corrosion current density and corrosion potential were also listed in Table 1 . It can be seen that the coated aluminum foams exhibit more positive corrosion potential (À0:844 V) and lower corrosion current density (15.5 mA/cm 2 ) as compared to as-received aluminum foams (corrosion potential À1:513 V, corrosion current density 308.8 mA/cm 2 ), indicating that the coated foams have a higher corrosion resistance than uncoated foams.
Pitting corrosion potential is an important property for industrial anti-corrosion resistance. Table 2 shows the results of LSV test on the coated and un-coated foams. From the LSV result, the coating is beneficial for increasing the corrosion resistance of the foams. The pitting corrosion potential was improved from À0:719 V (un-coated foams) to +0.127 V (coated foams). In the case of coated foams, passive film stability range and pitting potential are increased, implying that the impediments to pitting initiation of the foams rise.
Conclusion
In summary, the Ni-P coatings on closed-cell aluminum foams were successfully prepared by electroless process. After the coating process, the closed-cell foams have a high corrosion current density (15.5 mA/cm 2 ) as compared to the as-received aluminum foams (308.8 mA/cm 2 ). The pitting corrosion potential was improved from À0:719 V for asreceived foams to +0.127 V for coated foams. The present study indicates that the electroless Ni-P coatings can widen the application of the closed-cell aluminum foams.
